Purpose: To evaluate the safety and ocular hypotensive efficacy of 4 trabodenoson doses administered twice daily over 14 or 28 days in subjects with ocular hypertension or primary open-angle glaucoma (POAG). Methods: In this multicenter, randomized, double-masked, placebo-controlled, dose-escalation Phase 2 study, patients received unilateral topical twice-daily trabodenoson (50, 100, or 200 mcg) or placebo for 14 days, or 500 mcg trabodenoson or placebo for 28 days. Ocular and systemic safety and tolerability were assessed by examinations, clinical and laboratory studies. Intraocular pressure (IOP) was assessed using Goldmann tonometry. Results: Trabodenoson was well tolerated; no clinically meaningful ocular or systemic side effects were identified. Trabodenoson produced a dose-dependent IOP reduction. IOP reductions in the 500 mcg group were significantly greater than placebo at all time points at Day 28. Mean IOP reductions from diurnal baseline ranged from -3.5 to -5.0 mmHg with a mean change of -4.1 mmHg in the 500 mcg group compared -1.0 to -2.5 mmHg with a mean change of -1.6 mmHg for the placebo group, and the Day 28 drop was significantly greater than at Day 14 (P = 0.0163) indicating improvement in IOP lowering with longer treatment time. IOP remained significantly reduced 24 h after the final 500 mcg dose (P = 0.048). Conclusion: Twice-daily ocular doses of trabodenoson, from 50 to 500 mcg, were well tolerated and showed a dose-related decrease in IOP that was statistically significant and clinically relevant at 500 mcg in patients with ocular hypertension or POAG.
Introduction P rimary open-angle glaucoma (POAG) is a multifactorial optic neuropathy for which the only established therapeutic intervention is the reduction of intraocular pressure (IOP). Ocular hypertension is a state in which IOP is elevated without evidence of glaucomatous optic neuropathy and is considered a risk factor for POAG. Lowering new IOP-lowering medications with novel mechanisms that complement the currently available drugs or are effective in place of existing therapies.
Healthcare professionals and their patients have not benefited from a new drug with a novel mechanism of action since the development of latanoprost, a prostaglandin analog targeting the F2a receptor, which was approved for use in the United States in 1996. Like other drugs in the prostaglandin analog class, latanoprost lowers IOP predominantly by increasing the uveoscleral outflow of aqueous humor, the pathway responsible for a minority of aqueous outflow. The most common side effect of prostaglandin analogs is conjunctival hyperemia, which can lead to discontinuation and an increase in associated healthcare costs. 5 Other side effects with this class include lash thickening and lengthening, periorbital fat atrophy, lid and iris hyperpigmentation, cystoid macular edema, and anterior chamber inflammation. 6, 7 Endogenous adenosine plays a role in many human physiologic processes through interactions with 4 known adenosine receptor subtypes (A 1 , A 2A , A 2B , and A 3 ). Drugs with mechanisms of action related to the adenosine system (agonists and/ or antagonists of the various receptor subtypes) are currently indicated for a variety of health conditions including supraventricular tachyarrhythmias, asthma, and pain management.
Adenosine and its receptors also play a complex role in modulating IOP. 8, 9 Selective A 1 receptor agonism has been demonstrated to lower IOP in animal models [10] [11] [12] [13] [14] while agonism of non-A 1 receptors can elevate IOP. 9, 11 The lowering of IOP is due to increasing conventional outflow 15 by increasing the secretion of matrix metalloproteinase-2 (MMP-2), which digests hydrolyzed collagen type IV, a major component of extracellular matrix (ECM) in the trabecular meshwork (TM). 16, 17 Levels of MMP-2 increase in response to mechanical stretch secondary to increased pressure in perfused human anterior segment organ cultures. 18 This protease production shifts the balance between the deposition of ECM by TM cells, and its metabolism by MMP-2, which digests and removes protein from the outflow path, lowering outflow resistance and IOP, a mechanism contributing to IOP control. 19 In humans, adenosine concentrations are elevated in aqueous humor of ocular hypertensive, but not normotensive patients, further supporting a potential role of adenosine in IOP homeostasis. 20 Trabodenoson is a highly selective adenosine mimetic targeting the A 1 receptor with the potential to lower IOP via a novel mechanism of action: by increasing outflow facility at the TM, which increases the outflow of aqueous humor via the conventional pathway.
Elsewhere in this issue of the Journal, the results of a Phase I safety and tolerability study of trabodenoson in healthy volunteers are reported. In this study, trabodenoson was found to be safe and well-tolerated with no doselimiting toxicities at doses up to 3,200 mcg per eye. Significantly, it was not associated with adverse events (AEs) of conjunctival hyperemia or anterior chamber inflammation.
In this article we present the results of a Phase I/II clinical trial, the purpose of which was to assess trabodenoson's safety, tolerability, and IOP-lowering efficacy in subjects with ocular hypertension or POAG.
Methods
This was a randomized, double-masked, placebocontrolled, dose-escalation study designed to characterize the systemic and ocular safety and tolerability, IOP-lowering efficacy, and pharmacokinetic (PK) profile of trabodenoson delivered via topical ophthalmic dosing in subjects with ocular hypertension or POAG. The study was registered (ClinicalTrials.gov identifier: NCT01123785), and was conducted in accordance with Good Clinical Practices and the Declaration of Helsinki. The study was conducted at 18 sites throughout the United States, the protocol was approved by a central Institutional Review Board (IRB) or each site's IRB, and all subjects provided written informed consent.
Subjects
The study was conducted in 2 parts comprising 3 stages, with Part 1 consisting of Stages 1 and 2 and Part 2 consisting of Stage 3. Eligibility criteria were identical for all 3 stages. Subjects were 18-77 years old, had the clinical diagnosis of ocular hypertension or POAG, and met all of the following criteria in at least 1 eye during a 4-day pretreatment placebo run-in period (study days -4 to - 
Schedule of visits
The study schedule was similar for all 3 stages and included a screening visit, a pretreatment baseline assessment period (ranging from 4 to 56 days during which washout of any currently used topical IOP-lowering medications took place, followed by a placebo run-in period), a 14-day (Stages 1 and 2) or 28-day (Stage 3) treatment period, and a 7-day postdose observation period.
Enrollment, randomization, and treatment
All subjects attended a screening visit during which eligibility was evaluated via a comprehensive review of medical history, complete ophthalmological examination, and systemic and ophthalmologic assessments. In Stage 1, subjects were randomized in a 1:1:1 ratio to receive either trabodenoson 50 or 100 mcg or placebo. In Stage 2, subjects were randomized in a 2:1 ratio to receive either trabodenoson 200 mcg or placebo. In Stage 3, subjects were randomized in a 1:1 ratio to receive either trabodenoson 500 mcg or placebo. Prespecified stopping rules-incorporating clinical, laboratory, and cardiac data-governed the continuation of the 556 MYERS ET AL.
study from one stage to the next. In all 3 stages, dosing was applied twice daily in 1 or 2 drops delivered from a multidose bottle to 1 designated study eye only, which was the eye with the higher mean IOP across Day -4, Day -1, and Day 1 predose (or the right eye if pressures were equal). Doses in the active groups were 50 or 100 mcg in Stage 1, 200 mcg in Stage 2, and 500 mcg in Stage 3 and placebo in all stages was a vehicle-matched control. On study days, drug was dosed by study personnel; on nonstudy days, drug was dosed by the subject or a caregiver following observation and approval of the subject/caregiver's dosing technique.
Assessments
The safety and tolerability of trabodenoson were assessed on the basis of clinical evaluations conducted during the pretreatment baseline period and at selected time points during the treatment period, and continuous AE monitoring. AEs were categorized by System Organ Class (SOC) and Preferred Terms using the Medical Dictionary for Regulatory Activities (MedDRA, version 13). All AEs were graded by severity (mild, moderate, or severe) and likely causal relationship to the study drug (possibly, probably, or definitely related).
Systemic safety assessments at baseline, Days 1, 7, and 15 in part 1 and Days 1, 14, and 29 in part 2 included physical examinations, vital signs, and clinical laboratory tests including complete blood counts and blood chemistry assessments along with renal, hepatic, and cardiac biomarkers. Specific cardiovascular safety assessments included 12-lead electrocardiograms and troponin levels.
Ocular safety assessments included best corrected visual acuity (BCVA), IOP, and examination of the external eye (periorbital area, eyelids, eyelashes, conjunctiva, sclera, and pupils), slit lamp examination (eyelids, eyelashes, conjunctiva, cornea, sclera, pupils, iris, and lens) and dilated (and undilated at some time points) fundoscopic examination. BCVA was assessed using the Early Treatment Diabetic Retinopathy Study (ETDRS) protocol. Hyperemia was assessed before randomization and at various time points after dosing using a visual hyperemia scale (0-none/trace, 1-mild, 2-moderate and 3-severe).
IOP was measured at multiple time points throughout the study using Goldmann tonometry in a masked fashion and a 2-person operator/observer technique. IOP values are the mean of 2 readings at each time point; when 2 readings differed by more than 2 mmHg, a third reading was recorded and the 2 closest readings were used to determine the mean IOP at that time point.
PK calculations included area under the concentrationtime curve (AUC), maximum concentration (C max ), time to C max (t max ), and plasma half-life (t § ). Blood samples were collected at multiple time points for these evaluations.
Statistical Methods
The primary objective of this study was to evaluate the tolerability and safety of topical monocular application of twice-daily trabodenoson 50-500 mcg in subjects with ocular hypertension or POAG. Secondary objectives included evaluation of trabodenoson IOP-lowering efficacy and PK analysis.
The primary efficacy endpoint was mean IOP (mean IOP measured throughout the day at 8 AM, 10 AM, 12 PM, 4 PM, and 8 PM). The mean IOPs of the active doses were statistically compared to those of the placebo group. In addition, analyses adjusting for baseline IOPs were performed. The parameters evaluated included IOP changes at each time of day from the corresponding diurnal baseline (IOP Change), change in daily IOP from diurnal baseline (Daily IOP Change); and the change in IOP from study baseline (Study Baseline IOP Change).
The IOP Change from diurnal baseline was defined as the mean of the differences between each individual time point (e.g., 8 AM, 10 AM, 12 PM, 4 PM, and 8 PM) on Days 7, 14, 28, or 29, and the corresponding IOPs on Day -1 (before randomization). The Daily IOP Change from diurnal baseline for each of the dose groups was the average of these 5 individual IOP changes from diurnal baseline on Days 7, 14, and 28. These 2 diurnal changes in IOP (IOP Change and Daily IOP Change) for each dose group (50, 100, 200, and 500 mcg) were compared statistically to the same changes in the placebo group. As stated above, a further efficacy analysis for Study Baseline IOP Change was conducted; this 
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analysis calculated the reduction in IOP from the patients' 8 AM study baseline IOP (recorded at the 8 AM time point on Day 1 before active drug was administered). The sample size was determined based on IOP-lowering efficacy outcomes for the primary efficacy endpoint-mean IOP. A sample size of 16 subjects per group in Stages 1 and 2 provides 80% power to detect a difference of 3.6 mmHg in mean IOP between groups using a 2-sided t-test and assuming a 3.5 mmHg standard deviation and a 2-sided alpha of 0.05. Likewise, in Stage 3, a sample size of 27 subjects per group provides 80% power to detect a 2.8 mmHg difference with a standard deviation of 3.5 mmHg between groups using the same approach and assumptions. The calculated sample size was increased by *10% to ensure 126 evaluable subjects complete the study.
Statistical analyses were conducted on the intent-to-treat population (defined as subjects randomized who received at least 1 dose of study medication). Nonparametric methodology based on rank statistics using analysis of covariance (ANCO-VA) with baseline as a covariate was performed, as the assumption of the parametric ANCOVA did not hold. SAS PROC RANK was used to generate the ranks of the response and covariate variables without regard to treatment group. These ranks were then used in the ANCOVA model to compare the treatment groups. The Kruskal-Wallis test (nonparametric analysis) with preplanned contrasts (placebo versus each active dose) was applied to evaluate the dose-related effect of trabodenoson for all comparisons including IOP and the baseline adjusted data (IOP Change and Daily IOP Change). Presentations of the data include the mean IOP and the medians for baseline adjusted parameters (i.e., IOP Change, Daily IOP Change, and Study Baseline IOP Change).
Because the efficacy endpoints were considered secondary, no corrections for multiplicity were prespecified. However, due to multiple treatment comparisons, the alpha levels for the primary efficacy analysis (mean IOP) were adjusted using the Bonferroni correction to control the overall type I error at 5%. No adjustments were made for other comparisons.
The pooled placebo control group used for comparison of the Part 1 (stages 1 and 2) IOPs included data from all placebo-treated subjects through Day 14. A second contemporaneous placebo control group included only data from placebo-treated subjects treated for 28 days in Part 2 (stage 3), and was only used for comparison of the 28-day Part 2 IOP data.
Results

Demographics and disposition
Overall, at 18 sites in the United States, 239 subjects were screened in this study, with 144 successfully completing the washout period and meeting all criteria for randomization. Demographic and baseline characteristics were generally similar across the different treatment groups, with the exception of a lower proportion of females in the trabodenoson 200 mcg group (29.4%) compared to all other groups (61.2%-70.6%). Observed differences were not considered to be clinically relevant (Table 1) .
All 144 randomized subjects received at least 1 dose of study medication and were included in the safety and intentto-treat analyses. Three subjects (2 treated with trabodenoson and 1 with placebo) were found to have exclusionary ECG findings from baseline evaluations (pretreatment) and were exited after receiving 1-5 doses of study medication. The remaining 141 subjects completed the study.
Safety results
All adverse events. The overall frequency of AEs is given in Table 2 . Overall, the proportion of subjects with any AE was higher in the pooled placebo groups (30.5%, 18/59 subjects) than in the pooled trabodenoson groups (25.9%, 22/85 subjects). The only systemic treatment-emergent AEs occurring in 2 or more subjects in either the pooled placebo or trabodenoson groups were urinary tract infection in 3 placebo-treated subjects and oropharyngeal pain in 2 trabodenoson-treated subjects (one each in the 100 and 200 mcg groups). There were no serious AEs, no AE was judged to be severe, and no AE led to treatment discontinuation.
Treatment-related adverse events. Treatment-related AEs are given in Table 3 . The proportion of subjects in the pooled placebo and trabodenoson groups experiencing treatment-related AEs was similar (10.2% vs. 15.3%, respectively). The majority of these were ocular AEs, including conjunctival and ocular hyperemia in the trabodenoson groups (combined 16/85, 18.8%), eye irritation and foreign body sensation in the placebo groups (combined 5/59, 8.5%), and eyelid pruritus (1 case in each group). Of these 16 subjects with hyperemia, 10 were mild and 6 were moderate. Only 2 systemic AEs were judged to be treatment-related: 1 case each of skin pruritus and headache, both in the placebo group. All treatmentrelated AEs were graded as mild or moderate and none as severe.
Other safety evaluations. No clinically significant treatment-related abnormalities were observed in clinical laboratory studies, physical examinations, or cardiac function tests in any treatment group. The only ocular safety evaluation of note was the hyperemia assessment that accompanied the periodic ocular exams, using a visual scale. Hyperemia was assessed several times before, and after randomization, and the hyperemia rates by treatment are presented in Table 4 . Hyperemia was assessed as mild in all subjects with the exception of 3 subjects in the 200 mcg group where moderate hyperemia was observed. As shown in Table 4 , the incidence of hyperemia in every treatment group was similar before, and after, randomization, indicating that trabodenoson treatment did not add to the underlying hyperemia-measured before trabodenoson was administered-at any of the doses tested. High variability was observed in the incoming hyperemia rates across treatment groups to which subjects were ultimately randomized. Of note, the 500 mcg group had the highest incidence of hyperemia both before, and after randomization, a finding consistent with the spontaneous AE reports of hyperemia in this group.
Efficacy results
Baseline IOP after washout ranged from 25.6 to 26.6 mmHg across treatment groups. Trabodenoson demonstrated a dosedependent reduction in IOP. In the intent-to-treat (ITT) population, trabodenoson dose-related decreases in IOP in the study eye were observed, with statistically significant reductions observed at some time points at the 200 mcg dose, and at all time points at the 500 mcg dose. Figure 1 shows the Daily IOP Change for each of the dose groups. An increase in IOP-lowering efficacy was seen with increasing dose, with no apparent plateau in the dose-efficacy response up to the highest dose tested. In the 500 mcg group, efficacy significantly improved between weeks 2 and 4 of treatment (P = 0.0163). Figure 2 shows the mean IOP for the 500 mcg and placebo groups before randomization (Day -1), and at 14 and 28 days after randomization, over a 12-h dosing interval including 8 AM, 10 AM, 12 PM, 4 PM, and 8 PM, along with the mean IOP on Day 29 at 8 AM. On Day 28, there were statistically significant reductions in IOP in the 500 mcg trabodenoson group, compared with placebo subjects, at all time points throughout the 12-h dosing interval (P £ 0.005). All P values remained statistically significant after applying the Bonferroni multiplicity correction. The last dose of trabodenoson was administered at 8AM on Day 28, and a significant reduction in mean IOP versus placebo (P = 0.048) was observed 24 h after this dose at 8 AM on Day 29.
The IOP Change (from diurnal baseline) for the 500 mcg group at Day 28 ranged from -3.5 to -5.0 mmHg with both a mean and median drop of 4.1 mmHg, compared to a range -1.0 to -2.5 mmHg with a mean and median of -2.0 mmHg and -1.6 mmHg, respectively for the concurrently treated placebo group.
The Study Baseline IOP Changes (from 8 AM predose study baseline) at Day 28 were consistent with the changes from the diurnal baseline for the 500 mcg trabodenoson dose, with all changes being statistically significant from the placebo group at all time-matched points (P value range between <0.001 and 0.021). The Study Baseline IOP Change for the trabodenoson 500 mcg dose ranged from -4.0 to -7.0 mmHg with mean and median drop of -6.1 mmHg and -6.5 mmHg, respectively; placebo Study Baseline IOP Change ranged from -1.0 to -4.7 mmHg with a mean and median of -3.6 mmHg and -3.3 mmHg, respectively.
Subgroup analysis revealed no significant differences in IOP response based on Day 1, 8 AM pretreatment baseline IOP ( ‡25/<25 and ‡26/<26 mmHg), race (African American/not African American), diagnosis (OHT/POAG), or washout from prior antiglaucoma medications status (requiring washout/not requiring washout).
PK results
Trabodenoson was rapidly distributed into plasma with a t max of *5 min for the 50-200 mcg dose groups and *17 min for the 500 mcg dose group. The increases in plasma exposure to trabodenoson and its metabolite INO-2446 were approximately proportional to the doses administered, with exposure to the metabolite ranging from *30%-39% of the parent based on AUC from time zero to the last time point (AUC 0-last ). Trabodenoson was rapidly eliminated from plasma with a mean half-life (t 1/2 ) that ranged from 0.36 to 1.2 h. The apparent mean t 1/2 for INO-2446 was *0.41-6.1 h.
Discussion
This study demonstrates that trabodenoson, a highly selective adenosine mimetic targeting the adenosine A 1 receptor, is safe and well tolerated and produces clinically and statistically significant IOP reductions in eyes with ocular hypertension or POAG.
The overall placebo response observed in this trial, which likely represents a combination of regression to the mean and a true placebo effect, is consistent with a 2.01 mmHg change observed in a recent meta-analysis. 21 Increasing doses of trabodenoson resulted in a dose-related improvement in IOP reduction, and no plateau in the dose-efficacy response was apparent up to the highest dose tested. This suggests that higher trabodenoson doses may result in greater IOP reduction than reported here. At the highest dose tested (500 mcg), trabodenoson dosed twice daily produced IOP reductions at Day 28 from diurnal baseline ranging from 3.5 to 5.0 mmHg and from study baseline ranging from 4.0 to 7.0 mmHg. The trabodenoson IOP reductions seen at Day 28 were greater than at Day 14, suggesting increased efficacy with longer treatment, and that reaching a pharmacodynamic steady state requires at least 4 weeks of therapy. Trabodenoson's IOP-lowering effect lasted at least 24 h after the last dose, as evidenced by significant IOP reduction at 8 AM on Day 29 in the 500 mcg group (Fig. 2) .
Overall, trabodenoson was safe and well tolerated in all dose groups. There were no serious AEs, and no treatment-related AE was judged as severe by investigators. No subject discontinued the trial due to an AE. The most common treatment-related AEs were conjunctival and ocular hyperemia, together occurring in *20% of subjects receiving trabodenoson, with the majority (62.5%) being mild and the rest (37.5%) moderate. Approximately 50% of the cases of conjunctival hyperemia, and 75% of the cases of ocular hyperemia, were reported at a single site among the 18 clinical sites, suggesting a reporting bias. Based on the regular protocol-driven assessment of hyperemia during ocular exams, using a visual hyperemia scale, the frequency of conjunctival hyperemia in the dose groups-before receiving any study drug other than the placebo used during the run-in-was significantly unbalanced between treatment groups (Table 4) . For example, at baseline (Day 1 AM predose, before receiving active study drug) the hyperemia rate was 11.8% in the treatment group that went on to be randomized to the 500 mcg trabodenoson group, compared to 0 to 1.7% across subjects that would be randomized to all other treatment groups. Thus, the 12.1% rate of conjunctival hyperemia in the 500 mcg group at the end of the study (on Day 28) may have been due to the underlying hyperemia burden present in this group at baseline, rather than secondary to trabodenoson treatment. Additionally, this higher hyperemia rate at baseline may have also contributed to the higher number of hyperemia-related AEs in this group. Lastly, in a Phase I study of trabodenoson at doses up to 3,200 mcg in the study eye twice daily (6,400 mcg daily), only a single sporadic AE of hyperemia was observed in a subject receiving the lowest dose of trabodenoson (200 mcg twice daily in the study eye). In this study, the only other treatment-related AE in the combined trabodenoson groups was a single case of eyelid pruritus graded as mild in a subject receiving 200 mcg twice daily. Across all subjects and doses of trabodenoson in both the Phase I study and this study (with total daily doses ranging from 100 to 6,400 mcg), no dose-limiting toxicities were identified.
Trabodenoson represents a potential new class of IOPlowering drug therapy with a novel mechanism of action. Selective stimulation of the adenosine A 1 receptor on human TM cells in culture results in the release of MMP-2, which is reported to be involved in the remodeling of the TM's ECM, as a means to lower IOP by increasing trabecular outflow facility. [15] [16] [17] [18] Of the current IOP-lowering medications available for use, only pilocarpine and related miotics consistently increase outflow facility. 22 Although some prostaglandin analogs may also increase outflow facility, the literature is not entirely consistent on this point. [23] [24] [25] POAG is characterized by reduction of outflow facility, with the site of outflow obstruction traditionally believed to be the juxtacanalicular region of the TM. The nature of this obstruction remains incompletely characterized, but is thought, in part, to involve abnormal aggregation of type IV collagen and elastic fibers within the trabecular ECM. [26] [27] [28] Trabodenoson is an adenosine mimetic with a high binding affinity (Ki = 0.97 nM) and selectivity for the A 1 receptor. Activation of the A 1 adenosine receptor promotes the phosphorylation of the extracellular signal-regulated kinases ERK1 and ERK2, resulting in increased secretion of MMP-2 and changes in the ECM. 29, 30 These molecular changes are thought to increase outflow facility (decrease resistance at the TM) and result in an increase in the outflow of aqueous humor from the eye via the TM. With the balance of ECM deposition by TM cells, and its digestion and removal by MMPs in part restored, trabodenoson's mechanism of action may be addressing some of the underlying outflow pathophysiology associated with OHT and POAG.
In summary, trabodenoson safely and effectively lowered IOP in eyes with ocular hypertension and POAG, and did not appear to have reached a plateau in the efficacy dose response, at the doses tested to date. The treatment is well tolerated and offers a unique and relevant mechanism of action that may address part of the specific pathophysiology of OHT and glaucoma in the TM, with a resultant increase in aqueous outflow facility. These results support the further clinical evaluation of trabodenoson; Phase 3 clinical trials with higher doses of trabodenoson are underway.
